Motivation: Next Generation Sequencing is increasingly used in time critical, clinical applications. While read mapping algorithms have always been optimized for speed, they follow a sequential paradigm and only start after finishing of the sequencing run and conversion of files. Since Illumina machines write intermediate output results, HiLive performs read mapping while still sequencing and thereby drastically reduces crucial overall sample analysis time, e.g. in precision medicine. Methods: We present HiLive as a novel real time read mapper that implements a k-mer based alignment strategy. HiLive continuously reads intermediate BCL files produced by Illumina sequencers and then extends initial k-mer matches by increasingly produced data from the sequencer. Results: We applied HiLive on real human transcriptome data to show that final read alignments are reported within few minutes after the end of a full Illumina HiSeq 1500 run, while already the necessary conversion to FASTQ files as the standard input to current read mapping methods takes roughly five times as long. Further, we show on simulated and real data that HiLive has comparable accuracy to recent read mappers. Availability and Implementation: HiLive and its source code are freely available from https://gitlab. com/SimonHTausch/HiLive.
Introduction
Rapid next-generation sequencing (NGS) platforms are gaining importance in time critical applications such as diagnostics or precision medicine. In scenarios as diverse as cancer therapy (Kreiter et al., 2015) , diagnostics (Wilson et al., 2014) , or genetic medicine (Lee et al., 2014) time from sample arrival to actionable analysis outcome is to be minimized. One current key hurdle is the sequential character of wet-lab and computational analysis. NGS reads are only analyzed after the sequencing experiments are finished and files are converted. Here we present HiLive, a universal read mapper that maps Illumina HiSeq reads to reference genomes while the sequencer is running, providing full read mappings at the end of the experimental run.
Currently, the raw HiSeq base calls (BCL files) are first converted to a human-readable format (typically FASTQ files) at the end of the run to be processed by traditional read mappers. Despite recent remarkable performance improvements of mapping algorithms (Reinert et al., 2015) , this approach naturally prolongs the time until alignments are available. HiLive directly analyzes the BCL files at generation and typically completes the analysis before a conversion of BCL files to FASTQ files is terminated and traditional read mappers can even be started. The main limitation for real time read mapping is the massive data parallelism and incomplete information. In contrast to traditional mapping approaches, a live-mapper has to keep track of all possible alignments of all reads in the sequencing run at once. This also includes all potential alignments that technically have the chance to meet the defined mapping criteria by the end of the sequencing run. In order to deal with these two obstacles, we framed a novel alignment strategy that finds accurate alignments on the one hand and is very efficient on the other hand. In a nutshell (see Supplementary Material for detailed description), HiLive finds initial candidate positions (seeds) for the unfinished read fragments in reference sequences based on exact k-mer matches. As the sequencer proceeds, these seeds are successively extended in each cycle by matches of the newly sequenced bases. Quality cutoffs keep only promising seeds after each extension. We created a standalone HiLive command line tool for Linux systems with an interface similar to other read mappers. The first step is to calculate the k-mer index of the reference genome sequences. Once the index is built and the sequencing run is started, HiLive can be started on the command line taking the location of the index file, the location of the Illumina BaseCalls directory, the anticipated read length and a list of multiplex barcodes as input. HiLive automatically checks if there are new BCL files available and processes them in parallel. If desired, the user may specify a custom location for the temporary alignment files (e.g. on a fast SSD drive) and for the output SAM files. As for other read mappers, HiLive allows the user to control the error tolerance of the read alignment and the mapping mode via command line switches. The number of errors e in the alignment is calculated in terms of unmatched k-mers. Since each mismatching nucleotide results in k unmatched k-mers in the worst case (while two mismatches next to each other only produce k þ 1 unmatched k-mers), the error tolerance parameter of HiLive tells the algorithm to allow at least e errors in the alignment.
Results and discussion
HiLive is a live-mapper, which means that it maps Illumina sequencing reads to target reference genomes while the sequencer is running. Therefore, we demonstrate that HiLive processes a full Illumina HiSeq run data in time, such that the mapping finishes right after the last cycle of the sequencing run. We showcase the applicability of HiLive on human transcriptome data (SRA accession SRR2890933) from an Illumina HiSeq 1500 instrument. We used HiLive with k-mer length 15, which offers a good tradeoff between mapping quality, mapping speed, memory consumption and database size (data not shown). Mapping 1.7 billion reads to the full human exome database was finished 9min 53s after the last cycle of the sequencing run was generated. In contrast, generating FASTQ files from the raw data with Illumina's FASTQ software took 48min 27s alone. Current read mapping tools, such as BWA (Li and Durbin, 2010) , finished after additional 2h 52min to 12h 31 min ( Fig. 1 and Supplementary Material).
Since HiLive competes with the plethora of available read mapping tools, we also demonstrate that the mapping quality of HiLive is on par with the established read mappers. We designed three experiments to systematically evaluate the quality of the HiLive read mappings. First, we used 1 million reads from the human transcriptome data and compared the mappings of HiLive and other mappers to BLAST alignments. The F1-score of HiLive (0.767) is slightly higher than the best other approach, BWA (0.762). In a second experiment, we generated synthetic read data at different error levels both as raw BCL and FASTQ files. Again, the results show that the accuracy of the mappings found by HiLive is on par with the Fig. 1 . Visualization of the HiLive real time read mapping approach and timing results from human transcriptome sequencing experiment. NGS reads are mapped based on initially sequenced nucleotides while the sequencer is running. While the HiLive mapping is not necessarily faster than traditional read mappers in the overall run time, its earlier start allows the output of full read mappings few minutes after the end of the sequencing run (here: 9 min 53 s after finishing the last cycle) and before files are converted and conventional read mappers are even started established methods in the field (Supplementary Material), even for larger sequence differences of up to 10%. The third experiment on common metagenomics benchmark data (Methé et al., 2012) , shows that HiLive has also comparable accuracy in more challenging scenarios with many similar reference genomes (Supplementary Material).
Overall, HiLive allows a strong reduction in total sample analysis time by starting read mapping while still sequencing. With regard to read alignment quality, HiLive is comparable to existing approaches and follows common file format conventions.
The success of this live-mapper suggests that it may be possible to create other live-tools for Illumina sequencers.
